In this study we analyzed the influence of general atmospheric circulation patterns and the frequency of weather types on the spatio-temporal variability of tree-ring growth in Pinus halepensis forests in eastern Spain. Three atmospheric circulation patterns affecting the western Mediterranean region were included in the study: the North Atlantic Oscillation (NAO), the Western Mediterranean Oscillation (WeMO) and the Mediterranean Oscillation (MO). In addition, the particular circulation pattern affecting eastern Spain was quantified using the frequency of weather types. The variability of radial growth (width) of earlywood and latewood in P. halepensis was quantified at 19 sites using dendrochronological methods. Two distinct patterns, reflecting growth variability in the northern and southern areas involved in the study, were identified for both earlywood and latewood tree-ring series. The influence of atmospheric circulation modes on tree growth resembled the spatial patterns identified, as earlywood and latewood formation in northern sites was determined by the NAO variability, whereas the WeMO dominated growth at the southern sites. Winter, summer and autumn weather types also exerted a control over tree radial growth. We conclude that both atmospheric circulation indices and weather types exert significant control on the formation of earlywood and latewood, because of their influence on precipitation patterns. The findings also suggest that wet and mild conditions during winter and the following autumn enhance P. halepensis earlywood and latewood formation, respectively. Thus, winter atmospheric patterns may indirectly influence latewood growth through direct effects on previous earlywood development driven by precipitation variability.
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Introduction
Climatic projections predict strong warming (2-4 • C) trends and a decrease in land water availability (ca. −20%) for the Mediterranean basin during the 21st century (IPCC, 2007) . The forecast drying trend will be in part determined by an increased frequency of anticyclone conditions associated with a northward shift of the Atlantic storm track . Moreover, it is expected that there will be an increase in the surface pressure gradient between the northern and southern parts of the North Atlantic region (Osborn, 2004; Paeth and Pollinger, 2010) , a decrease in the frequency and intensity of Mediterranean cyclones Raible et al., 2010) , and a decrease in summer convective systems (Branković et al., 2010; May, 2008) .
The predicted changes in atmospheric circulation are expected to affect the growth of trees in the Mediterranean region through changes in the characteristics of the dominant atmospheric flows, the frequency of particular weather types, and the surface climate (including precipitation and temperature). Fig. 1 shows a simplified mechanistic model to illustrate how the general atmospheric circulation can drive the patterns of the regional atmospheric circulation (quantified by means of the frequency of different weather types), which will finally drive the variability of the surface climate (mainly the spatial and temporal variations in temperature and precipitation). This variability will influence the patterns of tree radial growth, including the formation of earlywood and latewood, the latter affected both by previous earlywood development but also by the surface climate conditions. Most analyses of the impacts of climate on forest growth have only focused on the influence of surface climate factors (Fritts, 2001) . Nevertheless, atmospheric circulation patterns affect climate variability over large regions. They allow determining the effects of the large-scale climate processes and focusing in the physical mechanisms that control climate variability at regional and/or local scales. Moreover, it is expected that the main signs of climate change will be identified earlier through changes in atmospheric circulation (Giorgi and Mearns, 1991; Räisänen et al., 2004) . Few studies have attempted to determine the direct and indirect influences of atmospheric circulation on tree growth (but see Hirschboeck et al., 1996; Garfin, 1998, Girardin and Tardif, 2005) . Such information is lacking in areas with a Mediterranean climate. This is particularly the case for most of the Iberian Peninsula, where climatic conditions range from mild to continental, and from humid to semiarid, creating diverse constraints on tree growth (Nahal, 1981) .
The climate variability of the Iberian Peninsula is under the influence of various atmospheric circulation patterns (Rodó et al., 1997; Rodríguez-Puebla et al., 1998; Trigo and Palutikof, 1999; Trigo and Palutikof, 2001; Trigo et al., 2004; González-Hidalgo et al., 2009 ). Among these is the North Atlantic Oscillation (NAO), which is one of the main modes of atmospheric circulation in the northern hemisphere (Hurrell et al., 2003) . The NAO is defined by a north-south dipole that characterizes the sea level pressures and geopotential heights in the North Atlantic region. The NAO determines the position of the Icelandic low pressure and the Azores high pressure systems, and therefore the direction and strength of westerly winds in southern Europe (Hurrell, 1995) . The NAO has a strong influence on winter climate in the Iberian Peninsula, where increased westerlies (high NAO values) lead to dry and cold conditions (Hurrell and Van Loon, 1997) . Thus, high (low) NAO values in winter are linked to low (high) levels of precipitation and low (high) temperatures in the Iberian Peninsula, particularly in southwestern areas (Rodríguez-Puebla et al., 2001 ). In the eastern Iberian Peninsula, close to the Mediterranean Sea, climatic conditions are also affected by other atmospheric circulation patterns (González-Hidalgo et al., 2009; Vicente-Serrano et al., 2009) . These include the Mediterranean Oscillation (MO), which captures the gradient in sea level pressure (SLP) anomalies between the eastern and western parts of the Mediterranean basin (Conte et al., 1989) , and the Western Mediterranean Oscillation (WeMO), which reflects the variability in precipitation related to Mediterranean cyclogenesis in the western Mediterranean basin (Martín-Vide and López-Bustins, 2006) . The negative phases of the WeMO and MO are linked to high levels of precipitation over the Spanish Mediterranean coast.
These broad-scale atmospheric circulation patterns influence local weather patterns, which are the main drivers of precipitation at local scales in the Iberian Peninsula (Goodess and Jones, 2002; Vicente-Serrano and López-Moreno, 2006) . The local spatial patterns of precipitation are among the main constraints on tree growth in the region, as evidenced by several dendrochronological studies based on tree-ring networks (Macias et al., 2006; Andreu et al., 2007; Di Filippo et al., 2007) . However, the influence of large-scale atmospheric patterns on Iberian tree growth reported previously (Bogino and Bravo, 2008; Roig et al., 2009; Rozas et al., 2009 ) may also reflect growth effects caused by precipitation variability, which is directly determined by local-scale climatic drivers (e.g. weather types), as has been suggested to occur in Canada (Girardin and Tardif, 2005) and Mexico (Brienen et al., 2010) .
While the predicted trend towards progressively drier conditions is likely to cause a decline in the growth of Mediterranean forests, the spatial extent and the magnitude of the effect of atmospheric and climatic drivers on tree growth is uncertain (Andreu et al., 2007; Sarris et al., 2007; Vicente-Serrano et al., 2010a,b) . Iberian forests of Pinus halepensis Mill., a drought tolerant species (Ne'eman & Trabaud, 2000) , provide a useful model for evaluating the sensitivity of tree growth to climatic variability at broad and local scales. Several factors are relevant to such an evaluation. First, the late 20th century was characterized by marked climatic variability in the eastern Iberian Peninsula, where most of these forests occur (De Luis et al., 2009a) . Second, tree growth in this region should be less sensitive to NAO than in southwestern Iberia, and respond more to other atmospheric patterns (MO, WeMO), but these hypotheses have not previously been tested. Third, no studies have investigated how the climate drivers affect earlywood and latewood production, despite ample evidence that each of these components of P. halepensis growth respond differently to diverse climatic variables Camarero et al., 2010) .
We analyzed the influence of large-scale atmospheric circulation patterns (NAO, MO and WeMO), but also the role of the atmospheric circulation processes at regional scales (quantified by the frequency of various weather types) on the spatio-temporal patterns of tree growth in P. halepensis forests. Our objectives were: (i) to use dendrochronological methods to characterize the spatial and temporal patterns of radial growth (earlywood and latewood width) in a network of P. halepensis forests along a climate gradient in the eastern Iberian Peninsula; (ii) to quantify the influence of large-scale circulation patterns and regional weather types as atmospheric drivers of tree growth and (iii) to explain the surface climate processes that drive the influence of the atmospheric circulation on the forest growth. We hypothesized on a spatially structured response of the forest growth to the atmospheric circulation patterns that determine the climate variability across the region.
Materials and methods

Study area
The study area is located in eastern Spain (Aragón and Valencia regions), where a steep climate gradient occurs as a result of both geographical and topographical factors ( Fig. 2 ; Table 1 ). In this area the influences of the Atlantic Ocean (high levels of winter and spring precipitation derived from the Atlantic Ocean storm track) and the Mediterranean Sea (high levels of autumn precipitation caused by the cyclonic influence from the Mediterranean Sea) increase northwestwards and southeastwards, respectively (Linés, 1981) . Rainfall decreases from north to south and from the coast to inland areas (González-Hidalgo et al., 2009) . A thermal gradient is also present from the southeastern coastal areas to northwestern inland areas, resulting in mild and continental conditions near and far from the Mediterranean coast, respectively. Thus, P. halepensis in this area grows under a wide variety of climate types ranging from mesic and mild conditions to semiarid and continental conditions (Gil et al., 1996) .). In P. halepensis, earlywood is formed between spring and early summer whereas latewood is mostly formed between summer and late autumn Camarero et al., 2010) . Most of the geological substrates in the study area are limestones and marls, which leads to the formation of basic soils. Table 1 . The study area in eastern Spain is indicated by the gray rectangle.
Dendrochronological methods
Sites were selected based on the dominance of P. halepensis in the canopy over at least 1 ha of fully forested area. Sites were also selected based on the occurrence of stressing environmental conditions such as shallow or rocky soils and the absence of signals related to recent management (stumps) or local disturbances (fire scars, charcoal). The selected sites were considered to capture most of the climatically mediated growth variability of P. halepensis in eastern Spain. At each of 19 sampling sites we randomly selected 15-20 trees, separated by at least 50 m from each other, and measured their diameter at 1.3 m from the ground. At least two radial cores per tree were removed at 1.3 m height using a Pressler increment borer. The cores were prepared following standard dendrochronological methods (Fritts, 2001) , and were mounted and sanded until tree rings were clearly visible with a binocular microscope. All samples were visually cross-dated, and the earlywood and latewood widths were measured separately to a precision of 0.001 mm and accuracy of ±0.0003 mm, using a LINTAB measuring device (Rinntech, Heidelberg, Germany). We distinguished earlywood and latewood based on the cross-sectional area of tracheids and the thickness of their walls so as to define an objective threshold of change between both types of wood within the tree ring based on previous dendrochronological and xylogenesis studies on P. halepensis ,2009b Camarero et al., 2010) . Cross-dating was evaluated using the COFECHA program (Holmes, 1983) .
Each series was standardized using a spline function with a 50% frequency response of 32 years to retain high-frequency variability. Standardization involved transforming the measured values into a dimensionless index by dividing the raw values by the expected values given by the spline function. Autoregressive modeling was carried out on each series to remove temporal autocorrelation. The indexed residual series were then averaged using a biweight robust mean to obtain site residual chronologies of earlywood and latewood width. We used the ARSTAN program to obtain the residual chronologies of earlywood and latewood (Cook, 1985) , and these were used in all subsequent analyses.
The quality of the chronology data was evaluated using several dendrochronological statistics (Briffa & Jones, 1990) : the mean width and standard deviation (SD) of the earlywood and latewood raw width series; the first-order autocorrelation (AC1) of these raw series, which measures the year-to-year persistence; the mean sensitivity (MSx) of the residual series, which quantifies the rel-ative change in width among consecutive years; the expressed population signal (EPS) of residual series, which indicates to what extent the sample size is representative of a theoretical infinite population; and the mean correlation (Rbar) among individual residual series within each site. The common period was selected because all site residual chronologies showed EPS values above the 0.85 threshold, which is widely used in dendrochronological studies (Wigley et al., 1984) .
Atmospheric circulation patterns
The NAO, MO and WeMO atmospheric circulation patterns, which affect autumn and winter climatic conditions (particularly precipitation) over eastern Spain, were selected following VicenteSerrano et al. (2009) and González-Hidalgo et al. (2009) . Autumn (September to November), spring (April to May), summer (June to August) and winter (December to March) indices were calculated. To calculate the three-monthly circulation indices for the winter, spring and autumn seasons we used monthly SLP grids from the NCEP-NCAR ds010.1 Monthly Northern Hemisphere Sea Level Pressure Grids (http://dss.ucar.edu/datasets/ds010.1/; Trenberth and Paolino, 1980) . This dataset contains complete records for the study period , with a spatial resolution of 5 • . The atmospheric circulation indices were calculated monthly from the differences between the series of standardized SLPs recorded at the two points closest to the sites most used to calculate these indices: 
Classification of weather types
The general atmospheric circulation, well represented in East Spain by means of the general atmospheric circulation patterns cited above are propagated regionally by means of different weather types that represent pressure fields and winter flows with a noticeable role on the surface climate conditions (e.g., precipitation and temperature) (Yarnal et al., 2001 ). On the one hand, a high frequency of weather types prone to cause precipitation would tend to produce humid conditions. On the other hand, weather types characterized by stability conditions will be the direct cause of droughts. The influence of the frequency of weather types on the surface climate in eastern Spain (e.g., Vicente-Serrano and López-Moreno, 2006) justifies the use of weather types to check their possible influence on tree radial growth.
Several attempts have been made to develop classification methods based on different categories of weather type (see review in Yarnal et al., 2001) . Among these, automatic methods allow the construction of homogeneous daily or monthly series of atmospheric climatic conditions, at local to regional scales. The most widely used automatic method to classify weather types is that formulated by Jenkinson and Collison (1977) , which is based on the Lamb (1972) catalogue. This has been widely used to classify weather types in the Iberian Peninsula (Spellman, 2000; Trigo and DaCamara, 2000; Goodess and Jones, 2002; Vicente-Serrano and López-Moreno, 2006; López-Moreno and Vicente-Serrano, 2007) . To obtain a daily classification of weather types we used a sea surface pressure grid of 16 points centered over the Iberian Peninsula (seefig. 1 in Vicente-Serrano and López-Moreno, 2006) . From daily pressure data at these points over the period 1960-2003 we calculated the type and direction of winds (cyclonic/anticyclonic, directional and hybrid) on which to base a classification of weather types. For this purpose we used again the NCEP-NCAR Northern Hemisphere Sea Level Pressure Grids, but at a daily time scale (http://dss.ucar.edu/datasets/ds010.0/). Quantitative monthly series can be derived from the daily weather types using the sum of the number of weather types in each class during the month (Corte-Real et al., 1998) . The 26 weather types obtained using Jenkinson and Collison's method were summarized by the elimination of hybrid types, which were reclassified at 50% to cyclonic (C), anticyclonic (A) or directional weather types (N, north; NE, northeast; E, east; SE, southeast; S, south; SW, southwest; W, west; and NW, northwest) (Trigo and DaCamara, 2000; Vicente-Serrano and López-Moreno, 2006) . Monthly and seasonal series of the frequency of the 10 weather-types series from 1960 to 2003 were related to P. halepensis growth.
Climate data
To explain the mechanisms that drive the influence of the atmospheric circulation processes on the earlywood and latewood, we have used data of monthly precipitation and temperature from 1960 to 2003 recorded in the closest meteorological stations to the 19 sampling sites. Precipitation and temperature were obtained from two daily dataset that followed a careful procedure of quality control and reconstruction to guarantee the reliability of the data. The high spatial density of stations allowed having a meteorological station at a distance lower than 15 km of the sampling point. Details on the datasets can be found in Vicente-Serrano et al. (2010a,b) and El Kenawy et al. (2011) . The four southern sampling sites, located in the regions of Valencia and Alicante were out of the regions covered by the cited data sets. For these sites we used the MOPREDAS dataset (González-Hidalgo et al., 2011) . In addition we also used the closest temperature stations from the available records of the Spanish Meteorological Agency (Agencia Estatal de Meteorología, AEMET). The monthly climatic data was grouped seasonally following the same approach than for the atmospheric circulation patterns: Autumn (September-November), spring (April-May), summer (June-August) and winter (December-March).
Statistical analyses
The spatio-temporal variability of earlywood and latewood chronologies for the period 1960-2003 was analyzed using an Smode principal component analysis (PCA). This enabled common features to be identified and specific relevant local characteristics to be detected (Richman, 1986) . The S-mode also enabled the general temporal patterns of forest growth to be identified. The areas represented by each component in the analysis were identified by mapping the factorial loadings. The PCA was performed on a covariance matrix calculated among the chronologies (Legendre and Legendre, 1998) . The number of components was selected using the criterion of an eigenvalue >1, and the components were rotated (Varimax) to redistribute the final explained variance, and to obtain more stable and robust spatial patterns (Richman, 1986 , Garfin, 1998 . The spatial classification of earlywood/latewood growth was carried out using the factorial loading values obtained for each component, with the forests being grouped using the maximum loading rule. Each forest was assigned to the component with the greatest loading value. This method has been applied in many climatic classification studies (e.g. Comrie and Glenn, 1998) .
To explain the influence of variability in atmospheric circulation on the spatio-temporal patterns of earlywood and latewood growth we carried out correlation analyses (Briffa and Cook, 1990) . To compare with the de-trended forest growth series and to avoid the possibility that atmospheric circulation trends could disrupt potential relationships, prior to assessing the correlations the trend in each of the atmospheric circulation series was removed by assuming a linear trend in each series. Correlation analyses were performed between earlywood and latewood residual indices, detrended monthly and seasonally atmospheric circulation indices, and the de-trended series of the frequency of weather types for the period 1960-2003. Also partial correlations were obtained to analyse the joint influence of climate and earlywood on latewood. Finally, to determine climate processes that drive the influence of atmospheric circulation on forest growth, we calculated the correlation between earlywood and latewood and the seasonal precipitation and temperature between the atmospheric circulation patterns and the surface climate at each sampling site.
Results
Earlywood and latewood chronologies
Earlywood growth varied more than latewood growth among sites (earlywood, 0.62-2.29 mm; latewood, 0.15-0.66 mm) (Table 2; Fig. 3 ). The average values of AC1 and MSx were higher for the earlywood (AC1 = 0.64, MSx = 0.39) than for the latewood (AC1 = 0.49, MSx = 0.33) chronologies. Similar results were obtained for Rbar and EPS, which were also higher for the earlywood (Rbar = 0.60, EPS = 0.97) than the latewood (Rbar = 0.40, EPS = 0.93) series. Hence, earlywood growth showed a greater year-to-year persistence (AC1), a higher change among consecutive years (MSx) and a higher common signal (Rbar, EPS) than latewood formation. The change in earlywood and latewood width among consecutive years (MSx) increased as latitude decreased but these trends were not significant (earlywood, P = 0.15; latewood, P = 0.10). The correlation between earlywood and latewood series decreased significantly as the latewood width increased (r = −0.67, P = 0.002).
Spatio-temporal patterns of P. halepensis growth
The PCA analysis revealed four and five components (PCs) for earlywood and latewood, which accounted for 72% and 71% of the variance, respectively (Table 3 ). This indicates a slightly higher spatial variability for the latewood formation, although the components retained represent a high percentage of the total variance, which shows that forest growth in the region is not very heterogeneous and that coherent temporal patterns, representative of large regions can be found. Overall, earlywood site chronologies showed greater correlation among nearby sites than did latewood series. The spatial correlation among sites was significant up to 300 and 380 km for earlywood and latewood chronologies, respectively (Fig. 4) . The spatial extent of these relationships was approximately 300 and 380 km for earlywood and latewood chronologies, respectively. 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 The spatial distribution of the PCA loadings corresponding to the 4-earlywood and 5-latewood retained components shows clear spatial patterns in forest growth across the region (Fig. 5A ). According to the PCA loadings of the first components of earlywood and latewood production, two main growth patterns, corresponding to PC1 and PC2, were found in northwestern and southeastern sites forests, respectively. These components group the 49.2% and the 38.9% of the total earlywood and latewood variability, respectively. This indicates that a high percentage of the tree-growth variance of the region is represented by these components. Additional sites were represented by the other components, but they represent a lower percentage of the total variance and they are found in transitional areas between the northwestern and southeastern locations, and in the northeastern study area. The spatial classification of earlywood and latewood variability based on the maximum loading rule shows clearly the distinction between the northwest and southeast sectors, both for earlywood and latewood formation, with few differences among them (Fig. 5B ). 
Influence of atmospheric circulation on P. halepensis growth
In general, very few significant correlations are found between the seasonal atmospheric circulation patterns and the earlywood and latewood series of the retained principal components (Table 3) . We found a negative and significant relationship between the winter and spring NAO index and earlywood first principal component, whereas the second earlywood component was negatively related to the WeMO winter index. For the latewood we found significant correlations between the first component and the MO in spring, between the third component and the summer NAO and between the autumn MO and WeMO and the second latewood component.
These results show clearly how the main two components, which represent the main percentage of forest growth variability, are significantly correlated to some of the patterns of atmospheric circulation at a seasonal scale. We found a high temporal agreement between the variability of the atmospheric circulation patterns (winter and spring NAO, winter and autumn WeMO) and the tree growth as represented by the first and second components of earlywood and latewood (Fig. 6) . Such temporal agreement is coherent with spatial analyses between earlywood and latewood growth and the seasonal atmospheric circulation patterns (Fig. 7) . The earlywood is significantly related to the winter and spring NAO in north and northwestern forests. In contrast, the effects of the winter and autumn WeMO indices on earlywood and latewood formation were greater at southeastern sites.
For monthly values we found significant (P < 0.05) negative correlations for the first principal component of earlywood with the previous December (r = −0.40) and the current April NAO indices (r = −0.35), but it is also noteworthy that the correlations between December and May were negative. At a monthly scale we also found a significant negative correlation between the second component for latewood and the current September WeMO (r = −0.37, P < 0.05); correlations with the October and November WeMO index were also negative. In summary, the described associations between atmospheric patterns and growth were highly spatially structured, showing that the NAO and WeMO are affecting both earlywood and latewood formation in different parts of the study area: the NAO in the North and the WeMO in the South.
These results are highly consistent with the analysis on the impact of weather types frequencies on forest growth. The winter was the season with more significant correlations between the four earlywood components and the five latewood components and the seasonal frequency of weather types (Table 4 ). The earlywood formation in the sites represented by the component 1 is enhanced by a high frequency of SW and W types, which are related to the advections of humid air from the Atlantic Ocean. On the contrary, a high frequency of flows from the East and Southeast has a negative role on the earlywood. E and SE flows usually are less intense and have lower moisture than the W flows and they reach the central areas of the Ebro valley completely dry. In addition, the earlywood formation in the sites represented by the component 2 is improved by a high frequency of E and SE flows since these forests are located in areas under the direct influence of these flows. The earlywood components 3 and 4 do not show any significant connection with the frequency of weather types in winter and spring.
Latewood in areas represented by the component 1 is also highly related to the winter frequency of S, SW and A weather types. Nevertheless, the partial correlation between the frequency of these weather types and the first latewood component was only significant for the S type (r = 0.32, P = 0.04) when the effect of the earlywood was controlled, whereas for the SE and A types partial correlation was not significant (r = 0.17, P = 0.28 and r = -0.20, P = 0.20, respectively). This would suggest that lagged effects of winter atmospheric circulation on latewood in northern sites are mainly driven by an indirect influence determined by the winter circulation control of the earlywood. Areas represented by the second earlywood component did not show a noticeable influence of the frequency of the winter and spring weather types on growth, but we found a significant correlation with the frequency of some weather types in summer and autumn. The second latewood component showed a significant negative correlation with the frequency of summer SE and S types, which are characterized by African warm air advections arriving to the Iberian Peninsula and causing dry and persistent weather conditions. In addition, a positive correlation was found with the autumn SE weather type and a negative one with the NW type. This would indicate that Mediterranean SE flows that commonly produce high precipitation in the Mediterranean coastland would enhance the development of latewood in the southern sites.
The analysis based on the weather types allows qualifying some of the results obtained from the general atmospheric circulation patterns, but the main features of the weather types variability were well represented by the three different indices of atmospheric circulation. In winter strong and significant correlations are found for a number of weather types (Table 5 ). The NAO was negatively Fig. 7 . Geographic correlations of the atmospheric circulation indices (NAO, WeMO) in winter, spring and autumn with P. halepensis growth for earlywood (EW) and latewood (LW). The circles are proportional to the absolute correlation value; those filled dark gray indicate significant correlations (P < 0.05).
Table 4
Correlation of the principal components (PC) of earlywood (EW) and latewood (LW) with the seasonal frequency of weather types. Weather types: N, north; NE, northeast; E, east; SE, southeast; S, south; SW, southwest; W, west; NW, northwest; C, cyclonic; A, anticyclonic. correlated with the frequency of SW W and C types and positively correlated with the frequency of anticyclones. The same pattern was found for the MO. On the contrary, the WeMO represented mainly the frequency of the SE-NW flows, since it showed significant negative correlations with the frequency of E, SE and S types and positive correlations with the frequency of NW and W flows. In spring and summer the number of significant correlations was much lower, but in autumn significant correlations between the WeMO and a number of weather types were found, similar to those obtained for the winter. With the exception of the summer SE and S types that showed a significant influence on the second latewood component, the rest of the weather types showing a noticeable impact on the earlywood and latewood formation in northern and southern sites are well represented by the general atmospheric circulation patterns used here. This would imply that with very few exceptions, the regional circulation represented by the weather types and their impacts on tree growth are already represented by the general atmospheric circulation patterns. Therefore in the following section, we focus our attention only on the general atmospheric circulation patterns that have the main impacts on the earlywood and latewood formation.
Connection with the surface climate variability
Winter NAO and WeMO showed significant correlation with precipitation in a number of sites (Fig. 8) . Nevertheless, the spatial patterns showed a high spatial variability. The impact of NAO on precipitation was recorded in northern areas whereas the WeMO affected precipitation in southern sites. Thus, this spatial configuration resembled the observed pattern of tree growth variability obtained by means of the PCA. Areas in which the earlywood was mainly determined by the winter NAO showed a direct control of precipitation by this circulation pattern. The same behavior was observed for the winter WeMO. In spring, correlations with the NAO were lower than in winter, although magnitudes also tended to be higher in northern areas than elsewhere. Finally, the autumn NAO did not show a remarkable impact on precipitation, but the impact of the autumn WeMO on precipitation showed a clear spatial gradient with negative and significant correlations in the southern areas. This again showed a spatial pattern similar to that found for the WeMO impact on the latewood formation.
Some northern forests showed significant positive correlations with the NAO in winter, which also could contribute to explain the influence of the NAO on the earlywood in these sites (Fig. 8) . Nevertheless, it is much more remarkable the WeMO influence on the temperatures of spring and autumn, which presented strong positive correlations in the northern parts of the study area. These results suggest that the spatial variability of forest growth across the region is directly driven by the distinct spatial influence of the atmospheric circulation processes not on temperature, but mainly on precipitation.
The relationship between climate variability and earlywood and latewood showed significant correlations between the earlywood and the winter and spring precipitation in the entire study area (Fig. 9) . On the contrary, few sites showed significant correlations between earlywood and temperature variability. Thus, the first earlywood component was significantly correlated with the winter (r = 0.55, P < 0.01) and spring precipitation (r = 0.43, P < 0.01). Also the second earlywood component showed a significant correlation with the winter precipitation (r = 0.53, P < 0.01). On the contrary, both first and second earlywood components did not show any significant correlation with temperature.
There were also significant correlations between winter and spring precipitation and the latewood width in most sites, which could suggest a lagged response of the winter climate on the forest growth in late summer and autumn, possibly driven by soil water storage. Nevertheless, in the forests with significant correlations between latewood and winter precipitation, we found that partial correlations (considering the influence of earlywood on latewood) between winter/spring precipitation and latewood were not significant. In 11 of the 12 sites with significant correlation between winter precipitation and latewood no significant partial correlation was found, whereas eleven of the sites showed a significant partial correlation (P < 0.05) between the earlywood and the latewood variability. This would provide evidence that the influence of the winter precipitation on the latewood would be mainly driven through a direct influence on the earlywood formation.
Nevertheless, in the southern study area we also found a direct influence of the surface climate on the latewood formation. Thus, in the southern sites there was a significant correlation between the autumn precipitation and the latewood formation. These sites showed a significant correlation between the autumn precipitation and the WeMO, with a clear different behavior as compared with the rest of the sites. Thus, only the second latewood component showed a significant correlation with the autumn precipitation (r = 0.39, P <0.05) and, in addition, no significant correlations were found between any of the five latewood components and temperature. This would explain that although spring and autumn WeMO are correlated with temperatures in northern sites, both earlywood and latewood formation in these sites are not correlated with the WeMO, since tree growth in those sites is not mainly driven by temperatures. For the southern sites, i.e. the sites represented by the Fig. 9 . Geographic correlations between seasonal precipitation and temperature and earlywood (EW) and latewood (LW) formation in P. halepensis sampled forests. The symbols are proportional to the absolute correlation value; those filled dark gray indicate significant correlations (P < 0.05).
second latewood component, the influence of the autumn WeMO on latewood was directly driven by precipitation. Thus, in opposite with the northern sites, in the southern region both earlywood and autumn precipitation played a significant role to explain the latewood variability. Earlywood and autumn precipitation showed significant partial correlations with the latewood in the areas represented by the second latewood component (r = 0.65 and r = 0.43, P < 0.01, for the earlywood and autumn precipitation, respectively). This indicates that earlywood conditions are affecting latewood but also autumn precipitation plays a significant role.
Discussion
In P. halepensis the production of earlywood showed a greater year-to-year variability and a higher tree-to-tree common variance than did latewood; these results are similar to those reported by De Luis et al. (2009b) . Thus, earlywood and latewood covaried to some extent, indicating a strong temporal association, as suggested in xylogenesis studies of P. halepensis Camarero et al., 2010) . Furthermore, at sites with wider latewood the positive association between the earlywood and latewood series was weaker, indicating that the development of more latewood tracheids was less reliant on prior formation of earlywood, which is dependent on the synthesis of carbohydrates during the previous winter (Kagawa et al., 2006) . Therefore, our results suggest that growth at sites with more latewood development should show a greater response to current climatic conditions in late summer and autumn during the year of tree-ring formation, whereas the reverse is expected for sites with more earlywood formation, where the previous winter and current spring conditions should be more important.
Earlywood and latewood responded to atmospheric circulation patterns and weather types in different ways, although for both variables we detected at least two groups of forests (those located in northwestern and southeastern sites) with contrasting responses. In addition, the geographic pattern of associations among latewood site chronologies suggested the occurrence of these two homogeneous groups of forests with similar reactions to atmospheric conditions. Such a geographically structured climatic response suggests that northwestern sites are more influenced by southwestern flows, which was indicated by the stronger relationships with the winter NAO index relative to that which occurred for southeastern sites near the Mediterranean coast, where P. halepensis growth was mainly affected by the winter-autumn WeMO and the autumn MO indices. These findings are consistent with the associations found between atmospheric patterns and weather types. For instance, the winter NAO and MO indices were negatively (positively) associated with the frequency of cyclones (anticyclones) in winter. The winter WeMO index was positively correlated with the frequency of N, W and NW weather types. High levels of the WeMO index in autumn were also associated with greater occurrence of N, NW and anticyclonic weather types, and a low frequency of E, SE, S and cyclonic weather types. These results confirm that the effects of atmospheric circulation patterns on P. halepensis growth in the study area are probably an indirect expression of their effects on local weather types and climatic factors, including precipitation, temperature and radiation (Garfin, 1998; Mäkinen et al., 2003) . In agreement with the results obtained by Vicente-Serrano and López-Moreno (2006) and González-Hidalgo et al. (2009) for the same region, the same spatial gradient in the effect of the NAO and WeMO on tree growth has been found for the precipitation. Although the NAO mainly affects the southwestern Iberian Peninsula, the southwest flows are reactivated when they reach the Pre-Pyrenean chains, explaining why the forests located in the Ebro valley are affected by this pattern. In contrast, the humid influence of the southwestern flows associated with the NAO does not reach the Mediterranean coastal region (Rodó et al., 1997; Rodríguez-Puebla et al., 1998) , where the humid influences come from the east, as reflected by the WeMO index. Thus, the spatial pattern of P. halepensis forests in eastern Spain reflects the influence of atmospheric circulation patterns on precipitation, and clearly demonstrates that these effects act through the control of variability of local precipitation in the region.
Several studies have reported that, in addition to precipitation, the winter NAO also exerts a marked influence on surface air temperature, and that its association with tree growth varies from northern (positive) to southern (negative) Europe (Piovesan and Schirone, 2000; Linderholm et al., 2003; Schultz et al., 2008) , but in eastern Spain our results indicate an insignificant influence of temperature variability on both earlywood and latewood growth and support the view that most of the influence of the atmospheric circulation variability on tree growth is mainly driven through changes in precipitation.
The spatially constrained negative relationship between the winter NAO index and earlywood growth at northwestern sites in eastern Spain is consistent with results from earlier studies of Iberian conifer forests (Bogino and Bravo, 2008; Rozas et al., 2009 ). However, growth at xeric southwestern sites is also negatively related to the winter WeMO index, which can be explained by more winter precipitation, and consequent enhanced radial growth in spring during negative phases of the winter WeMO index (Martín-Vide and López-Bustins, 2006; González-Hidalgo et al., 2009; Vicente-Serrano et al., 2009) . A similar result has been reported for the WeMO index in spring and P. halepensis forests in the middle Ebro basin (Ribas Matamoros et al., 2007) . In contrast, we did not find any consistent relationship with the winter NAO index in the previous two winters. These results highlight the marked spatial variability in the effect of general atmospheric circulation patterns as drivers of tree growth, which may be a consequence of distance to the sea and the landscape relief.
Latewood formation in P. halepensis was negatively associated with the Mediterranean indices (WeMO, MO) at southeastern sites, suggesting a dependence on autumn precipitation. This finding suggests that autumn precipitation may be important for latewood formation in P. halepensis, which is consistent with phenological observations that cambial activity in this species can be greatly enhanced after summer because of sporadic autumn rainfall, which is usually produced by Mediterranean cyclonic activity Camarero et al., 2010) . Furthermore, this finding agrees with the observed geographical trend of greater change in latewood width among consecutive years in southeastern sites as compared with northwestern sites.
An important finding of this study is the distinct influence of winter atmospheric circulation patterns on latewood formation in P. halepensis. Two explanations can be proposed for this observation. First, earlywood formation in P. halepensis is partly dependent on photosynthetic activity and moisture reserves supplied by precipitation prior to spring growth (Kagawa et al., 2006) , and the amount of winter rainfall is inversely correlated with the NAO (Piovensan and Schirone 2000). In P. halepensis, earlywood is usually formed between March and June whereas latewood starts developing in July and ends its maturation in November Camarero et al., 2010) . Thus, earlywood formation may be very dependent on the water supply and photosynthetic activity in late winter and early spring. Relative to southwestern sites, which are more subject to Mediterranean cyclonic activity, a high winter NAO index may be associated with low winter rainfall and reduced earlywood formation at northwestern sites, under the strong influence of Atlantic westerlies. Consequently, the greater degree of earlywood formation may result in an increase in hydraulic conductivity and the synthesis of more carbohydrates for latewood formation in summer and autumn (Camarero et al., 2010) . A second and much less plausible explanation is that in those years with abundant winter rainfall (low winter NAO index) water is stored in deep soil layers, providing surface soil water for latewood growth in summer. The first explanation appears more likely, as xylogenesis studies support a functional link between earlywood and latewood growth, which show plastic responses to climatic conditions. For instance, at coastal sites cambial activity may occur for longer than at inland sites, where trees are subject to low winter temperatures and summer droughts Camarero et al., 2010) . According to these authors, the transition between earlywood and latewood is linked to the temperature rise and the decline in soil water reserves between late spring and early summer (June-July), but xylogenesis processes are plastic. For instance, these studies indicate that earlywood may start late (e.g., April-May) in cold northwestern sites whereas latewood maturation may last up to December in warm southeastern sites. This cambial plasticity is consistent with other features of P. halepensis, which is a species that is well adapted to drought because of its ability to rapidly reduce transpiration by stomatal closure (Borghetti et al., 1998) , and its capacity to make efficient use of water reserves that become available several months prior to growth (Sarris et al., 2007) . The first explanation is also consistent with findings of allometric relationships between tree-ring width and maximum latewood density (Kirdyanov et al., 2007) . Finally, since wood formation is an important sink of carbohydrates it would be interesting to compare how climate variability affects photosynthate allocation within the tree. It may be speculated that wet springs enhance earlywood and latewood formation, whereas carbohydrate allocation to regeneration of fine roots is given priority in response to dry springs.
Our analyses indicate that weather types also exert a relatively strong influence on earlywood and latewood growth, probably because of their indirect effect on local patterns of ultimate climatic drivers, including precipitation, solar radiation and temperature (Garfin, 1998) . In winters characterized by extended periods of high pressure (i.e. a high frequency of N and anticyclonic weather types), earlywood formation was less than in other years. Explanations for these associations include the relationship of anticyclone weather types to dry and cold conditions in winter over the eastern Iberian Peninsula (Goodess and Jones, 2002) . Very cold and dry winters may result in less photosynthetic activity in P. halepensis, and reduce the amount of carbohydrates available for earlywood growth during the following spring (Kagawa et al., 2006) . In contrast, cyclonic activity linked to an increase in Atlantic westerlies (SW and W weather types) caused warmer and more humid conditions in winter than during anticyclonic periods, which enhanced earlywood formation and, probably through indirect effects, latewood development. In autumn, latewood development was enhanced by cyclonic conditions probably related to Mediterranean convection, as both E and SE (N and NW) weather types were positively (negatively) related to latewood growth. In the eastern half of the Iberian Peninsula, autumn rainfall is usually associated with easterly and southeasterly winds, and Mediterranean storms (Goodess and Jones, 2002; Beguería et al., 2009 ). An increase in autumn precipitation may enhance cambial activity in P. halepensis and cooccurring tree species after the summer drought (Camarero et al., 2010) , and mild conditions may provide for a longer growing season, particularly at coastal southeastern sites .
Conclusions
Our results indicate that large-scale atmospheric patterns (NAO, MO, WeMO) and local weather types influence earlywood and latewood formation in P. halepensis forests of eastern Spain. However, across this dendrochronological network both earlywood and latewood responded differently to atmospheric circulation patterns and weather types, suggesting that the predicted changes in atmospheric circulation will result in contrasting tree growth responses in the northwest and southeast areas of this Mediterranean region.
Thus, the forecast trend of increasing winter anticyclonic conditions and reduced activity of westerlies (high NAO and WeMO indices) are expected to reduce earlywood production in northwestern sites, whereas an increase of autumn cyclonic Mediterranean conditions (low WeMO and MO indices) will enhance latewood formation in southeastern sites.
As any change in the latewood/earlywood ratio will affect the hydraulic and mechanical properties of wood, and thus the physiological status of trees, our results suggest the need for further study of earlywood and latewood in dendrochronological networks of conifers growing under a wide range of climatic conditions, to provide critical information on the atmospheric drivers of tree growth and function.
